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Abstract

The WWOX tumor suppressor participates in a diverse array of cellular activities by virtue of its
ability to recognize WBP1 and WBP2 signaling adaptors among a wide variety of other ligands.
Herein, using a multitude of biophysical techniques, we provide evidence that while the WW1
domain of WWOX binds to PPXY motifs within WBP1 and WBP2 in a physiologically-relevant
manner, the WW2 domain exhibits no affinity toward any of these PPXY motifs. Importantly, our
data suggest that while R25/W44 residues located within the binding pocket of triple-stranded f3-
fold of WW1 domain are critical for the recognition of PPXY ligands, they are replaced by the
chemically-distinct E66/Y85 duo at structurally-equivalent positions within the WW2 domain,
thereby accounting for its failure to bind PPXY ligands. Predictably, introduction of E66R/Y85W
double-substitution within the WW2 domain not only results in gain-of-function but the resulting
engineered domain, hereinafter referred to as WW2_RW, also appears to be a much stronger
binding partner of WBP1 and WBP2 than the wild type WW1 domain. We also show that while
the WW1 domain is structurally disordered and folds upon ligand binding, the WW2 domain not
only adopts a fully structured conformation but also aids stabilization and ligand binding to WW1
domain. This salient observation implies that the WW2 domain likely serves as a chaperone to
augment the physiological function of WW1 domain within WWOX. Collectively, our study lays
the groundwork for understanding the molecular basis of a key protein-protein interaction
pertinent to human health and disease.
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INTRODUCTION

The WWOX tumor suppressor orchestrates a diverse array of cellular activities, including
growth, proliferation, apoptosis and tumor suppression (1-4). In particular, the WWOX gene
spans the 16q23 fragile chromosomal region involved in cancer. Tellingly, aberrant
expression of WWOX tumor suppressor is believed to be linked to the progression of many
forms of cancer, including that of breast and prostate (5-11). Moreover, disruption of
WWOX gene in mice results in defective metabolism, impaired growth and post-natal
lethality, implying that WWOX serves a non-redundant role that cannot be compensated by
other cellular proteins (12-14). This argument is further supported by the fact that WWOX
is expressed in several distinct isoforms across various tissues, thereby further complicating
its role in cellular signaling networks central to health and disease. Importantly, the modular
architecture of WWOX tumor suppressor, comprised of a tandem copy of WW domains

( designated WW1 and WW?2) located N-terminal to the short-chain dehydrogenase/
reductase (SDR) domain (Figure 1a), exquisitely befits its role as an interacting partner of a
diverse array of ligands such as p73, RUNX, AP2 and NF-«xB transcription factors as well as
many other cellular proteins including SIMPLE, ErbB4, Ezrin and WBP1 (1, 15-18). The
WWOX-ligand interactions are believed to be largely driven by the binding of proline-rich
PPXY motifs found within potential ligands to the WW domains of WWOX in a canonical
manner (19-21). Notably, many of these ligands also bind to the Y AP transcriptional
regulator and, in so doing, mediate the Hippo tumor suppressor pathway involved in
regulating the size of organs and in the suppression of tumors through inhibiting cellular
proliferation and promoting apoptosis (22—29). For example, both YAP and WWOX bind to
PPXY motifs located within the cytoplasmic tails of ErbB4 receptor tyrosine kinase (17, 23).
Thus, while YAP-ErbB4 interaction upregulates transactivation function of ErbB4, WWOX-
ErbB4 interaction results in transcriptional suppression. Accordingly, the ability or lack
thereof of WWOX to compete with YAP for cellular partners may be a defining event in the
development of cancer. Despite such physiological significance, the mechanisms underlying
the specificity of WWOX-ligand interactions remain largely elusive. In an effort toward this
goal, we undertook here detailed biophysical analysis of the binding of WW domains of
WWOX to PPXY-peptides derived from WBP1 and WBP2 adaptors (Figures 1b and 1c).

RESULTS and DISCUSSION

WWOX physically interacts with WBP2 via its WW1 domain

It has been previously reported that WWOX binds to WBP1 via the classical WW-PPXY
interaction (18). To examine whether WWOX physically interacts with WBP2 and to what
extent this interaction is mediated by the WW1 domain, we conducted GST-pulldown and
Western blot analysis on WWOX-WBP2 interaction in mammalian cells (Figure 2a). More
specifically, we analyzed and compared the binding of wild type WWOX (WT) and a
mutant WWOX containing the W44F/P47A double-substitution (FA). We note that the
\W44/P47 residues, located within the WW1 domain of WWOX, are essential for its
structural integrity and ligand binding, and the W44F/P47A double-mutation is sufficient to
abolish interaction of WWOX with its partners as noted previously (16, 30). Importantly,
our analysis reveals that while GST-pulldown of WT construct of WWOX co-precipitates
WBP2, the FA mutant construct of WWOX fails to do so (Figure 2a). This observation
unequivocally demonstrates that WWOX specifically binds to WBP2 and does so via its
WW1 domain. To further demonstrate that WWOX binds WBP2 via its WW1 domain but
not WW2 domain, we also conducted the above analysis on isolated WW domains of
WWOX (Figure 2b). Consistent with our analysis on full-length WWOX, our data suggest
that only WW1 domain co-precipitates WBP2 upon GST-pulldown. Interestingly, previous
studies have also indicated that WWOX binds to its cellular partners through WW1 domain
(1, 15-18), raising the question as to the physiological role of WW2 domain. We

J Mol Biol. Author manuscript; available in PMC 2013 September 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McDonald et al.

Page 3

hypothesize that the WW2 domain of WWOX is an orphan WW domain that is devoid of
ligand binding capability and that it likely serves as a chaperone to augment the
physiological function of WW1 domain within WWOX.

WW1 domain but not WW2 domain of WWOX binds to PPXY motifs within WBP1 and

WBP2

In order to further understand and dissect the role of WW domains in mediating the
WWOX-WBP interactions, we analyzed the binding of isolated WW1 and WW2 domains of
WWOX to PPXY-peptides derived from potential WWOX-binding sites in WBP1 and
WBP2 using ITC (Figure 3 and Table 1). Our data suggest that while the WW1 domain
binds to PY2 motif in WBP1 (WBP1_PY2) and PY3 motif in WBP2 (WBP2_PY3) with
affinities in the physiologically-relevant micromolar range, the WW2 domain does not
appear to interact with any PPXY motifs within either WBP1 or WBP2 within the sensitivity
of our measurements. These observations are consistent with our cell-based studies
demonstrating that WWOX binds to WBP2 exclusively via its WW1 domain.

Notably, binding of WW1 domain of WWOX to both WBP1_PY2 and WBP2_PY3 motifs
is largely driven by favorable enthalpic forces accompanied by unfavorable entropic
changes, implying that the intermolecular interactions such as hydrogen bonding and van der
Waals contacts likely account for the specificity of this key protein-protein interaction — a
hallmark of molecular recognition underlying WW-ligand interactions in general (19-21).
More importantly, the WW1 domain of WWOX binds to WBP2_PY3 motif with an affinity
that is three-fold greater than that observed for binding to WBP1_PY?2 maotif, implying that
residues within and flanking the PPXY motifs play an important role in mediating WWOX-
WBP interaction. In an attempt to fully understand the role of these residues, we next
performed alanine scan on the WBP2_PY 3 peptide and measured the binding of each
alanine mutant to WW1 domain of WWOX (Table 2). Interestingly, our data reveal that, in
addition to consensus residues within the PPXY motif, proline at -2 position and tyrosine at
+4 position, according to the nomenclature outlined in Figures 1b and 1c, are required for
high-affinity binding, rendering the PXPPXY'Y motif the optimal consensus sequence for
binding to the WW1 domain of WWOX. Consistent with this observation, both WBP1_PY1
and WBP1_PY2 matifs lack proline at -2 position and tyrosine at +4 position, while
WBP2_PY1 and WBP2_PY2 motifs lack tyrosine at +4 position. Nonetheless, the lack of
either proline at —2 position or tyrosine at +4 position or lack of both of these residues does
not necessarily equate to complete lack of binding but rather a reduction in binding affinity
as demonstrated in the case of binding of WW1 domain to WBP1_PY?2 motif. It is also
important to note that although non-consensus residues within and flanking the PXPPXYY
motif have little or negligible effect on the binding affinity of WW1 domain, they may be
important for stabilizing the polyproline type Il (PPII) helical conformation of PPXY
peptides as reported previously (31, 32). Thus, for example, both WBP1 PY1 and
WBP1_PY2 lack proline at —2 position and tyrosine at +4 position, but while WW1 domain
shows apparent binding to the latter motif, no binding is observed to the former. We believe
that such differential behavior of WBP1_PY1 and WBP1_PY2 motifs toward WW1 domain
most likely resides in the nature of residue at +2 position. In WBP1_PY1 motif, the +2
residue is alanine, while the same position is occupied by proline in WBP1_PY?2 motif.
Thus, while P+2 may be important for the stabilization of PPII conformation of WBP1_PY2
motif, substitution to alanine as found within the WBP1_PY1 matif is likely to compromise
this conformation, thereby compromising its binding to WW21 domain, as noted previously
(32).
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Structural models provide physical basis for the binding of WW1 domain but not WW2
domain of WWOX to PPXY motifs within WBP1 and WBP2

To understand the physical basis of the binding of WW1 domain but not WW2 domain of
WWOX to PPXY maotifs within WBP1 and WBP2, we built structural models of WW1 and
WW?2 domains in complex with the WBP2_PY 3 peptide (Figures 4a and 4b). Our models
show that the PPXY peptide adopts the PPII helical conformation and binds within the
hydrophobic groove of the anti-parallel triple-stranded p-sheet fold of the WW1 domain in a
canonical manner (31, 33-35). In agreement with our thermodynamic data presented above,
the consensus residues within the PXPPXY'Y motif appear to be engaged in key
intermolecular contacts with specific residues lining the hydrophobic groove of the WW1
domain, while non-consensus residues within and flanking the PXPPXY'Y motif make no
discernable contacts (Figure 4a). Notably, the pyrrolidine moieties of P-2 and PO, according
to the nomenclature presented in Figures 1b and 1c, stack against and sandwich the indole
sidechain of W44 in WW1 domain. Interestingly, W44 is replaced by tyrosine (Y85) at
structurally-equivalent position within the WW2 domain (Figure 4b). The chemically-
distinguishing features of indole moiety of tryptophan versus phenyl ring of tyrosine imply
that the latter cannot substitute in a critical position occupied by tryptophan and doing so
would seriously jeopardize van der Waals contacts with the pyrrolidine moities necessary to
promote a thermodynamically stable WW-ligand complex.

The intermolecular association is further stabilized through reverse sandwiching of the
pyrrolidine moiety of P+1 within the PXPPXY'Y motif by the sidechain groups of Y33/T42
in WW1 domain. Remarkably, the Y33/T42 pair of residues lining the hydrophobic groove
of WW1 domain appears to be more or less conserved within the WW2 domain (F74/T83).
Accordingly, the P+1 residue within the PXPPXY'Y motif would be expected to be
stabilized within the WW2 domain in a manner akin to its stabilization within the WW1
domain. The same argument would also hold true for the Y+3 residue within the PXPPXYY
motif. Thus, the phenyl moiety of Y+3 buries deep into the hydrophobic groove and is
escorted by sidechain groups of a trio of more or less conserved residues within WW1 (A35/
H37/E40) and WW?2 (V76/H78/K81) domains. However, major differences are also notable
in how WW1 and WW2 domains accommodate the Y+4 residue within the PXPPXYY
motif. Thus, while the phenyl moiety of Y+4 appears to be stabilized either via the aliphatic
sidechain of R25 and/or via hydrogen bonding between the hydroxyl group of Y+4 and
guanidine moiety of R25 within the WW1 domain, substitution of R25 with an acidic
residue (E66) at structurally-equivalent position within the WW2 domain likely mitigates
such intermolecular association necessary for binding.

Taken collectively, our structural models suggest strongly that the replacement of R25 and
W44 within WW1 domain respectively with E66 and Y85 at corresponding structurally-
equivalent positions within the WW2 domain most likely accounts for the lack of binding of
the latter to PPXY motifs within WBP1 and WBP2 adaptors. Tellingly, our structural model
of WW2 domain containing the Y85W/E66R double-substitution, hereinafter referred to as
WW?2_RW domain, in complex with WBP2_PY 3 peptide suggests that binding to PPXY
motifs within WBP1 and WBP?2 is likely to be recapitulated (Figure 4c).

Engineered WW2_RW Domain of WWOX recoghnizes PPXY motifs within WBP1 and WBP2
with higher affinity than the wildtype WW1 domain

To test our hypothesis that the lack of binding of WW2 domain of WWOX to PPXY motifs
within WBP1 and WBP?2 is due to replacement of R25 and W44 within the WW1 domain
respectively with E66 and Y85 at structurally-equivalent positions within the WW2 domain,
we generated various single and double alanine mutants of WW domains and measured their
binding to WBP2_PY 3 peptide using ITC (Table 3). First, we generated the R25A
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(WW1_R25A), R25E (WW1_R25E) and W44Y (WW1_W44Y) single mutants of WW1
domain to test the contributions of R25 and W44 for binding to PPXY motifs. It should be
noted that the WW1_R25E and WW1_W44Y mutants mimic the E66 and Y85 residues
located at structurally-equivalent positions within the WW2 domain. Interestingly, none of
these mutants bound to WBP2_PY 3 peptide, implying that R25 and W44 play a critical role
in mediating binding to PPXY motifs. Next, we generated E66R (WW2_E66R) and Y85W
(WW2_Y85W) single mutants of WW2 domain, so as to mimic their structural equivalents
found with the WW1 domain. Neither the WW2_E66R nor the WW2_Y85W mutant bound
to WBP2_PY3 peptide (Table 3). Remarkably, the E6G6R/Y85W double-mutant of WW2
domain (WW2_RW) bound to the WBP2_PY 3 peptide with an affinity stronger than that
observed for the binding of wildtype WW1 domain (Tables 1 and 3).

To further analyze the ligand binding potential of the engineered WW2_RW Domain, we
also measured its binding to all PPXY motifs within WBP1 and WBP2 adaptors. As shown
in Table 4, the WW2_RW Domain binds to all but the WBP2_PY1 motif. In summary,
structure-based engineering of the WW2 domain with the introduction of EG6R/Y85W
double-substitution did not only result in gain-of-function but the engineered WW2_RW
domain also appears to be a much stronger binding partner of WBP1 and WBP2 than the
wild type WW1 domain.

WW1 domain but not WW2 domain of WWOX appears to be structurally disordered

We next wondered whether the lack of binding of wildtype WW2 domain of WWOX to
PPXY motifs within WBP1 and WBP2 is in part a manifestaton of its inability to properly
fold into a globular conformation best suited for recognizing cognate ligands and to what
extent the introduction of E66R/Y85W double-substitution may circumvent this
shortcoming. To test our hypothesis, we probed and compared the secondary structures of
wildtype WW1 and WW2 domains of WWOX as well as the engineered WW2_RW domain
using far-UV CD spectroscopy (Figure 5).

To our surprise, our data suggest that it is the WW1 domain not the WW2 domain that is
structurally disordered. Thus, the spectral features of WW1 domain, largely characerized by
a negative band centered around 205nm due to random coil contribution, support a relatively
unfolded protein (Figure 5a). Furthermore, introduction of R25A, R25E and W44Y
substitutions has little or negligible effect on the secondary structure of WW21 domain. In
sharp contrast, the WW2 domain also displays a negative band around 205nm due to random
coil contribution, but there is also a second negative band around 220nm due to pB-sheet
contribution, and an additional positive band at around 230nm due to aromatic contribution
(Figure 5b). These latter spectral features are characteristic of well-folded WW domains as
reported previously (36-38), implying that the wildtype WW2 domain is structurally folded
even though it fails to bind to PPXY motifs. Interestingly, while the Y85W substitution
appears to destabilize the WW?2 domain as marked by an increase in the intensity of 205-nm
band, the E66R substitution is accompanied by a decrease in the intensity of 205-nm band
coupled with an increase in the intensity of the 220-nm and 230-nm bands, implying that the
E66R substitution imparts a noticeable increase in the secondary structural content of WW?2
domain. Moreover, the E66R/Y85W double-substitution also results in structural
enhancement of WW2 domain in a manner akin to that observed for the E66R substitution
alone.

Taken together, our data demonstrate that the lack of structure does not necessarily equate to
lack of binding and vice versa in the context of WW-ligand interactions. On the contrary, it
is seemingly clear that WW1 domain of WWOX is largely unstructured and undergoes
disorder-order transition upon ligand binding to attain a triple-stranded p-sheet fold.
Importantly, the presence of a short inter-domain linker between the WW1 and WW?2
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domains implies that the latter may serve as a structural scaffold or chaperone and aid ligand
binding to the WW1 domain in the context of full-length WWOX in agreement with
previous studies demonstrating that WWOX binds to its cellular partners through WW1
domain (1, 15-18).

Engineered WW2_RW domain of WWOX displays higher thermal stability than the wildtype
WW domains

To further build on our observations that it is the WW2 domain that is structurally folded
rather than the WW1 domain and that the E66R/Y85W double-substitution likely results in
further folding of the WW2 domain, we next monitored the thermal stability of the wildtype
and various mutant WW domains of WWOX using DSC (Figure 6). Our analysis reveals
that the unfolding of wildtype WW1 domain is accompanied by a melting tempertaure (T,)
of around 53°C and that the R25A, R25E and W44Y mutations within WW1 domain have
little or negligible effect on the Ty, value (Figure 6a). In contrast, unfolding of wildtype
WW?2 domain occurs with a Ty, value of around 60°C (Figure 6b), implying that the WW?2
domain is thermally more stable than the WW1 domain. Importantly, while the Y85W
mutation destabilizes the WW2 domain, the E66R mutation augments thermal stability by
about 10°C. Consistent with this observation, the introduction of E66R/Y85W double-
substitution also results in the enhancement of thermal stability of WW2 domain but the
effect is not as astounding as that observed in the case of E66R mutation alone. Taken
together, these data are in an excellent agreement with our far-UV CD analysis and further
corroborate the notion that while the WW1 domain is largely devoid of B-sheet content and
structurally disordered, the WW2 domain harbors substantial amount of p-sheet content
reminiscent of a well-folded WW domain. Notably, the engineered WW2_RW domain is
not only structurally more folded than the wildtype WW2 domain but is also thermally more
stable.

WW2 domain chaperones WW1 domain in the context of WW1-WW?2 tandem domains

Our data presenetd above strongly suggest that the WW2 domain may serve as a chaperone
and aid ligand binding to the WW1 domain in the context of full-length WWQOX in
agreement with previous studies demonstrating that WWQOX binds to its cellular partners
through WW1 domain (1, 15-18). To further test this hypothesis, we next measured and
compared the binding of various PPXY -peptides derived from WBP1 and WBP2 to WW1
domain alone and in the context of WW1-WW?2 tandem domains using ITC (Tables 1 and
5). Consistent with our hypothesis above, our data suggest that not only does the WW1
domain bind to WBP1_PY?2 and WBP2_PY3 peptides in the context of WW1-WW2 tandem
domains with a 1:1 stoichiometry in a manner akin to the binding of WW1 domain alone but
binding of WW1-WW?2 tandem domains is also accompanied by affinities that experience
greater than two-fold enhancement. That this is so speaks volumes about the role of WW?2
domain in modulating ligand binding to WW1 domain. We also note that while the WW1
domain alone only exhibits binding to WBP1_PY1 and WBP2_PY 3 peptides, it additionally
also recognizes WBP2_PY2 peptide in the context of WW1-WW?2 tandem domains,
implying that the WW2 domain not only plays a role in augmenting ligand binding affinity
of WW1 domain but also increases its capture radius.

To rule out the possibility that ligand binding to WW1 and/or WW2 domain in the context
of WW1-WW?2 tandem domains is not in any way sterically hindered, we also measured the
binding of various PPXY -peptides derived from WBP1 and WBP2 to WW1-WW2rw
tandem domains, containing the E66R/Y85W double-substitution within the WW2 domain,
using ITC (Table 6). Evidently, our data reveal that the binding of WBP1_PY2 and
WBP2_PY3 peptides to WW1-WW2rw tandem domains occurs with a 2:1 stoichiometry,
while a 1:1 stoichiometry is observed for the binding of WBP1_PY1 and WBP2_PY2
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peptides. These observations are consistent with the fact that while both WW1 and
WW?2_RW domains alone bind to WBP1_PY2 and WBP2_PY3 peptides, only WW2_RW
alone binds to WBP1_PY1 and WBP2_PY2 peptides (Tables 1 and 4). Collectively, these
data corroborate the notion that the WW2 domain is a bona fide orphan domain both alone
and in the context of WW1-WW?2 tandem domains and that ligand binding to WW2 domain
can only be restored upon the introduction of E66R/Y85W double-substitution.

To further establish the role of WW2 domain as a chaperone in the context of WW1-WW2
tandem domains, we next analyzed and compared the secondary structural contents of WW1
and WW?2 domains alone and in the context of WW1-WW2 tandem domains using far-Uv
CD spectroscopy (Figure 7a). As discussed above, our analysis reveals that while WW1
domain alone is structurally unfolded, the spectral features of WW1-WW?2 tandem domains
suggest a protein with a largely structured p-fold as reported previously (36-38), implying
that WW2 domain indeed plays a key scaffolding role in the folding and stabilization of
WW?1 domain. Consistent with this argument is also the observation that while the thermal
stability of WW1-WW?2 tandem domains is comparable to that of WW2 domain alone, the
enthalpy associated with the unfolding of WW1-WW?2 domains is much larger than that of
WW1 or WW?2 domain alone as probed by DSC (Figure 7b). This implies that while the
WW?1 domain alone is largely unfolded, it adopts a folded conformation in the context of
WW1-WW?2 tandem domains. That this is the case is further demonstrated by the markedly
differential heat capacity changes (ACy) associated with ligand binding to WW1 domain
alone and in the context of WW1-WW?2 tandem domains as determined from the slopes of
corresponding plots of enthalpy change as a function of temperature using ITC (Figure 7c).
Thus, while AC, associated with the binding of WW1 domain alone to WBP2_PY3 peptide
is observed to be around —120 cal/mol/K, this value is less than —10 cal/mol/K for the
binding of WW1-WW?2 tandem domains. A negative value of AC, implies the predominant
burial of apolar groups within proteins upon folding and/or ligand binding and, more
negative the value of AC,, the greater the extent of such burial. Thus, an order of magnitude
increase in ACy associated with ligand binding to WW1 domain alone compared to WW1-
WW?2 tandem domains is further evidence that while ligand binding to WW1 domain alone
induces folding, the WW1 domain is most likely fully folded in the context of WW1-WW2
tandem domains and ligand binding is not associated with any substantial change in
structure.

MD simulations provide insights into conformational dynamics of wild type WW1 domain
and engineered WW2_RW domain in complex with PPXY peptides

In an effort to test and compare conformational dynamics of wild type WW1 domain versus
the engineered WW2_RW domain in complex with PPXY motifs within WBP1 and WBP2,
we conducted MD simulations over tens of nanoseconds. As shown in Figure 8a, the MD
trajectories reveal that although both the wild type WW1 domain and the engineered
WW2_RW domain in complex with WBP2_PY 3 peptide reach structural equilibrium after
about 20ns, they do so with markedly distinct stabilities. Thus, while the wild type WW1
domain in complex with the WBP2_PY 3 peptide equilibrates with a root mean square
deviation (RMSD) of ~3.5A, the engineered WW2_RW domain reaches equilibrium with an
RMSD of ~2.5A. This implies that the engineered WW2_RW domain in complex with
WBP2_PY3 peptide is strucutrally more stable than that obtained with the wild type WW1
domain in agreement with our spectroscopic and thermodynamic data. To understand the
origin of differential stabilities, we deconvoluted the overall RMSD of these complexes into
their constituent components: WW domain alone and peptide alone. Remarkably, it becomes
immediately apparent that while both the wild type WW1 domain and the engineered
WW2_RW domain more or less undergo conformational dynamics with an RMSD of
~2.5A, the motional properties of the WBP2_PY3 peptide are quite distinct within each
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complex. Thus, for example, the WBP2_PY 3 peptide in complex with the wild type WW1
domain equilibrates with an RMSD of ~3.5A, it does so with a much lower RMSD of ~1.5A
in complex with the engineered WW2_RW domain. These observations suggest that lower
stability of the wild type WW1 domain in complex with the WBP2_PY 3 peptide relative to
the engineered WW2_RW domain is most likely due to pronounced conformational
dynamics of the peptide ligand.

An alternative means to assess mobility and stability of macromolecular complexes is
through an assessment of the root mean square fluctuation (RMSF) of specific atoms over
the course of MD simulation. Figure 8b provides such comparative analysis for the
backbone atoms of each residue within the WBP2_PY 3 peptide in complex with both the
wild type WW1 domain and the engineered WW2_RW domain. As expected, the RMSF
analysis shows that residues encompassing the N- and C-termini of the WBP2_PY3 peptide
within both complexes are conformationally flexible relative to residues located within the
core PXPPXYY motif. However, residues within the PXPPXYY motif in complex with the
engineered WW2_RW domain appear to exhibit less fluctuation relative to those in complex
with the wild type WW1 domain, thereby further providing insights into the differential
stabilities of these complexes at atomic level.

Our structural models suggest that the guanidine moieties of R25 within the wild type WW1
domain and R66 within the engineered WW2_RW domain most likely hydrogen bond with
the hydroxyl moiety of Y+4 within the PXPPXY'Y motif of WBP2_PY3 peptide (Figure 4).
To test the stability of these potential hydrogen bonds, we plotted the distance between N1
guanidine nitrogen atoms of R25/R66 within the WW domains and the Or phenolic oxygen
of Y+4 within the PXPPXY'Y motif as a function of simulation time (Figure 8c). Our
analysis reveals that neither hydrogen bond inferred from our structural models is stable and
that R25/R66 within the WW domains as well as Y+4 within the PXPPXY'Y motif may
have a more structural role in stabilizing the conformations of respective interactands in lieu
of engaging in intermolecular interactions. Moreover, our structural models also suggest that
P-2 residue within the PXPPXY'Y motif likely stacks against the indole sidechain of W44
within the wild type WW1 domain and W85 within the engineered WW2_RW domain
(Figure 4). As shown in Figure 7c, the Nel indole nitorgen atoms of W44/W85 within the
WW domains and the C-y pyrrolidine carbon of P-2 within the PXPPXY'Y motif are spaced
apart ~5A at the start of our MD simulation and this distance remains more or less constant
over the entire course of trajectories, albeit with some notable fluctuations after about 70ns
in the case of wild type WW1 domain. That this is so suggests strongly that stacking
interactions between the sidechain moities of P-2 within the PXPPXY'Y motif and W44/
W85 within the WW domains play an active role in the stabilization of these complexes.

Wildtype WW1 domain and the engineered WW2_RW domain appear to share high
sequence similarity with ubiquitin ligase family of WW domains

Given that the E66R/Y85W double-substitution is all that is required to introduce “gain-of-
function” within the WW2 domain of WWOX, we wondered the extent to which the
combination of an arginine and a tryptophan in structurally-equivalent positions occurred
within other WW domains. Of more than several hundred WW domains found within the
human proteome, only a handful contain such a combination of an arginine and a tryptophan
(Figure 9). Strikingly, all of these WW domains belong to the E3 ubiquitin ligase family of
enzymes, such as ITCH and NEDD4, involved in protein turnover and degradation through
the proteasome pathway. In light of this consideration, we are tempted to suggest that the
WW?1 domain of WWOX may compete with cellular partners of ubiquitin ligases and, in so
doing, modulate or neutralize their physiological function. Given that tumor suppressors are
one of the major targets of ubiquitin ligases, the ability of WW1 domain of WWOX to
compete with common cellular partners of ubiquitin ligases may have evolved as a

J Mol Biol. Author manuscript; available in PMC 2013 September 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McDonald et al.

Page 9

mechanism to prevent rapid turnover and degradation of proteins central to cellular
homeostasis. Accordingly, a breakdown in this mechanism, for example due to down-
expression of WWOX, may serve as a signal for normal cells to undergo oncogenic
transformation. Importantly, the WW domains of ITCH ubiquitin ligase are also believed to
play a central role in the Hippo tumor suppressor pathway (39-41). It is thus also
conceivable that the WW1 domain of WWOX may have a role to play in regulating the
Hippo tumor suppressor pathway.

CONCLUSIONS

Despite its key role in a diverse array of cellular activities, including growth, proliferation,
apoptosis and tumor suppression (1-4), little is known about the molecular origin of how the
WWOX tumor suppressor recognizes its cellular partners. In this study, we analyzed the
binding of WW1 and WW2 domains of WWOX alone and in the context of WW1-WW2
tandem domains to PPXY motifs located within WBP1 and WBP2 adaptors. Our detailed
biophysical analysis reveals that while WW1 domain binds to WBP1_PY2 and WBP1_PY3
motifs in a physiologically-relevant manner, WW2 domain is completely devoid of
recognizing any of the PPXY motifs, at least in the context of WBP1 and WBP2 adaptors.
Notably, our studies reveal that the high-affinity binding of WW21 domain of WWOX
requires the rather extended PXPPXY'Y motif in lieu of minimal PPXY sequence.
Additionally, our data suggest that the WW2 domain of WWOX is likely an orphan WW
domain without any physiological ligands and that it may have evolved as a chaperone to
impart structural and thermal stability upon the WW1 domain in the context of full-length
WWOX. This notion is further corroborated by the fact while WW2 domain appears to
exude rather high thermal stability, the WW1 domain is structurally disordered and only
undergoes folding upon ligand binding. Additionally, the WW2 domain not only augments
ligand binding to WW1 domain but also aids stabilization of WW1 domain in the context of
WW1-WW?2 tandem domains. In this regard, the WW1-WW2 module of WWOX appears to
resemble the WW3-WW4 module of SUDX ubiquitin ligase in that the WW3 domain of the
latter is not only unstructured and undergoes folding upon ligand binding but the WW4
domain is also functionally sterile and stabilizes the WW3 domain in a manner akin to the
WW?2 domain of WWOX (42). It should be noted that the ability of one domain within a
module to serves as a structural scaffold to aid ligand binding and stability within another is
not unique to WW domains but has also been observed in the case of a tandem pair of PDZ
domains (43). Importantly, we have also shown here that the E66R/Y85W double-
substitution is all that is required to introduce “gain-of-function” within the WW2 domain of
WWOX. This engineered domain that we have referred to herein as WW2_RW appears to
bind to PPXY motifs within WBP1 and WBP2 adaptors much stronger than the wild type
WW?1 domain. In short, our study lends biophysical insights into a key protein-protein
interaction pertinent to human health and disease.

MATERIALS and METHODS

GST-pulldown and Western blot analysis

HEK?293 cells were transiently transfected with pEBG expression plasmids encoding
mammalian WBP2 and either wild type GST-tagged WWOX (WT), or GST-tagged WWOX
containing the W44F/P47A double-mutation (FA), or GST-tagged WW1 domain of WWOX
(WWH1), or GST-tagged WW?2 domain of WWOX (WW?2), as described earlier (44). After
harvesting for 24-30h, cells were lysed in Lysis Buffer (50mM Tris, 150mM NacCl, 10% (v/
V) glycerol, pH 7.5) containing 0.5% (v/v) Nonidet P-40 and trace amounts of protease
inhibitors. For GST-pulldown, 1mg of whole cell lysate was mixed with glutathione beads
and allowed to rock overnight at 4°C. After overnight incubation, the beads were extensively
washed with Lysis buffer containing 0.1% (v/v) Nonidet P-40. SDS-PAGE analysis was
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conducted on either whole cell lysate (Input) or after GST-pulldown and the resolved bands
were detected by immunoblotting with anti-WBP2 (a-WBP2) and anti-GST (a-GST)
antibodies. Antibodies used for immunoblotting were rabbit polyclonal anti-WBP2 (Santa
Cruz Biotechnology, Santa Cruz, CA) and goat polyclonal anti-GST (GE Healthcare,
Munich, Germany).

Recombinant protein purification and peptide synthesis

WW?1 domain (residues 16-50), WW2 domain (residues 57-91), and WW1-WW2 tandem
domains (residues 16-91) of human WWOX were cloned into pET30 bacterial expression
vectors with an N-terminal His-tag using Novagen LIC technology. The various mutants of
the WW domains of WWOX alone or in the context of WW1-WW?2 tandem domains were
generated using the PCR primer extension method (45). Briefly, the mutant domains
contained the following substitutions: R25A in WW1 domain (WW1_R25A), R25E in
WW1 domain (WW1_R25E), W44Y in WW1 domain (WW1_W44Y), E66R in WW2
domain (WW?2_E66R), Y85W in WW2 domain (WW?2_Y85W), and E66R/Y85W double-
substitution in WW2 domain alone (WW2_RW) or in the context of WW1-WW tandem
domains (WW1-WW?2rw). All recombinant domains were subsequently expressed in
Escherichia coli BL21*(DE3) bacterial strain (Invitrogen) and purified on a Ni-NTA affinity
column using standard procedures. Briefly, bacterial cells were grown at 20°C in Terrific
Broth to an optical density of greater than unity at 600nm prior to induction with 0.5mM
isopropyl p-D-1-thiogalactopyranoside (IPTG). The bacterial culture was further grown
overnight at 20°C and the cells were subsequently harvested and disrupted using a
BeadBeater (Biospec). After separation of cell debris at high-speed centrifugation, the cell
lysate was loaded onto a Ni-NTA column and washed extensively with 20mM imidazole to
remove non-specific binding of bacterial proteins to the column. The recombinant proteins
were subsequently eluted with 200mM imidazole and dialyzed against an appropriate buffer
to remove excess imidazole. Further treatment on a Hiload Superdex 200 size-exclusion
chromatography (SEC) column coupled in-line with GE Akta FPLC system led to
purification of WW domains to apparent homogeneity as judged by SDS-PAGE analysis.
Final yield was typically between 50-100mg protein of apparent homogeneity per liter of
bacterial culture. Protein concentration was determined by the fluorescence-based Quant-It
assay (Invitrogen) and spectrophotometrically on the basis of extinction coefficients
calculated for the various wild type and mutant WW domains of WWOX using the online
software ProtParam at ExPasy Server (46). 12-mer wild type and mutant peptides spanning
various PPXY motifs within human WBP1 and WBP2 proteins were commercially obtained
from GenScript Corporation. The sequences of these peptides are shown in Figures 1b and
1c. The peptide concentrations were measured gravimetrically.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed on a Microcal VP-ITC
instrument and data were acquired and processed using the integrated Microcal ORIGIN
software. All measurements were repeated at least three times. Briefly, various WW domain
samples alone or in the context of WW1-WW?2 tandem domains were prepared in 50mM
Sodium phosphate, 100mM NaCl, 1mM EDTA and 5mM B-mercaptoethanol at pH 7.0. The
experiments were initiated by injecting 25 x 10p.1 aliquots of 2—-4 mM of each PPXY-
peptide from the syringe into the calorimetric cell containing 1.8ml of 100-200 .M of a
WW domain solution at 25 °C. The change in thermal power as a function of each injection
was automatically recorded using the ORIGIN software and the raw data were further
processed to yield binding isotherms of heat release per injection as a function of molar ratio
of each peptide to WW domain. The heats of mixing and dilution were subtracted from the
heat of binding per injection by carrying out a control experiment in which the same buffer
in the calorimetric cell was titrated against each peptide in an identical manner. To extract
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binding affinity (Kg) and binding enthalpy (AH), the ITC isotherms were iteratively fit to
the following built-in function by non-linear least squares regression analysis using the
integrated ORIGIN software:

q()=(nAHVP/2) {[ 1+(L/nP)+(Ka/nP)]—[ [ 1+(L/nP)+(Ka/nP)*—(4L/nP)] %} [0

where q(i) is the heat release (kcal/mol) for the ith injection, n is the binding stoichiometry,
V is the effective volume of WW domain solution in the calorimetric cell (1.46 ml), P is the
total concentration of WW domain in the calorimetric cell and L is the total concentration of
peptide ligand added for the ith injection. The above equation is derived from the binding of
a ligand to a macromolecule using the law of mass action assuming a one-site model (47).
The free energy change (AG) upon ligand binding was calculated from the relationship:

AG=RTInKy4 [2]

where R is the universal molar gas constant (1.99 cal/K/mol) and T is the absolute
temperature. The entropic contribution (TAS) to the free energy of binding was calculated
from the relationship:

TAS=AH-AG [3]

where AH and AG are as defined above.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were performed on a TA Nano-DSC
instrument and data were acquired and processed using the integrated NanoAnalyze
software. All measurements were repeated at least three times. Briefly, various WW domain
samples alone or in the context of WW1-WW?2 tandem domains were prepared in 50mM
Sodium phosphate at pH 7.0. All experiments were conducted on 400-500LM sample of
each WW domain in the 20-120°C temperature range at a heating rate (dT/dt) of 1°C/min
under an excess pressure of 3atm. The change in thermal power (dQ/dt) as a function of
temperature was automatically recorded using the NanoAnalyze software. Control
experiments on the buffer alone were also conducted in an identical manner to generate
baselines that were subtracted from the raw data to remove the contribution of buffer. The
raw data were further processed to yield the melting isotherms of excess heat capacity (Cp)
as a function of temperature (T) using the following relationship:

Cp=[(dQ/d1)]/[(dT/dt)PV] [4]

where P is the initial concentration of WW domain loaded into the calorimetric cell and V is
the effective volume of calorimetric cell (0.3ml). To determine the melting temperature (Tp,)
accompanying the unfolding of WW domains, the melting isotherms were iteratively fit to
the following built-in function by non-linear least squares regression analysis using the
integrated NanoAnalyze software:

Cp=a[K(AHp)*1/[(1+K)’RT’] (5]

where AHp, is the enthalpy of unfolding, R is the universal molar gas constant (1.99cal/K/
mol), T is the absolute temperature, a is the scaling factor that accounts for the difference
between the initial protein concentration loaded into the calorimetric cell and the effective
protein concentration that is actually available due to the loss to aggregation during the
experiment, and K is given by the following relationship:
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K=exp[ (AHm/RT)((T/Tm)—-1))] [6]

It should be noted that Eq [5] is derived from the inter-conversion of a macromolecule
between a folded and an unfolded state assuming a two-state model (48, 49).

Circular dichroism

Far-UV circular dichroism (CD) measurements were conducted on a Jasco J-815
spectrometer thermostatically controlled at 25°C. Experiments were conducted on a 20uM
sample of each WW domain alone or in the context of WW1-WW?2 tandem domains in
10mM Sodium phosphate at pH 7.0. Data were collected using a quartz cuvette with a 2-mm
pathlength in the 190-250nm wavelength range. Data were normalized against reference
spectra to remove the contribution of buffer. Data were recorded with a slit bandwidth of
2nm at a scan rate of 10nm/min. Each data set represents an average of four scans acquired
at 0.1nm intervals. Data were converted to molar ellipticity, [6], as a function of wavelength
(M) of electromagnetic radiation using the equation:

[6]=[ (10°Ag)/cl] deg.cm?.dmol ! [16]

where Ae is the observed ellipticity in mdeg, c is the concentration of WW domain in pM
and | is the cuvette pathlength in cm.

Molecular modeling

Molecular modeling (MM) was employed to build structural models of wild type WW1
domain (WW1_WT), wild type WW2 domain (WW2_WT), and the engineered WW2
domain containing the E66R/Y85W double-substitution (WW2_RW) of WWOX in complex
with a peptide containing the PY3 motif of WBP2 (WBP2_PY3) using the MODELLER
software based on homology modeling (50). In each case, the NMR structure of WW
domain of YAP1 bound to a peptide containing the PPXY maotif was used as a template
(PDB# 1JMQ). Additionally, hydrogen bonding restraints were added between the Nn1/Nn2
nitrogen atoms of guanidine moiety of R25 within WW1_WT domain and O oxygen atom
of the phenyl moiety of Y+4 within WBP2_PY 3 peptide as well as between the Nn1/Nn2
nitrogen atoms of guanidine moiety of R66 within WW2_RW domain and On oxygen atom
of the phenyl moiety of Y+4 within WBP2_PY3 peptide. Introduction of such hydrogen
bonding restraints was necessary to bring the sidechain atoms of respective residues within
optimal hydrogen bonding distance in agreement with our thermodynamic data reported
here. The atomic distances set for hydrogen bonding restraints between a specific pair of
oxygen and nitrogen atoms were 2.8+0.5A. A total of 100 structural models were calculated
and the structure with the lowest energy, as judged by the MODELLER Objective Function,
was selected for further analysis. The atomic models were rendered using RIBBONS (51).

Molecular dynamics

Molecular dynamics (MD) simulations were performed with the GROMACS software (52,
53) using the integrated OPLS-AA force field (54, 55). Briefly, the modeled structures of
wild type WW1 domain (WW1_WT) and the engineered WW2 domain containing the
E66R/Y85W double-substitution (WW2_RW) of WWOX in complex with a peptide
containing the PY3 motif of WBP2 (WBP2_PY 3) were centered within a cubic box and
hydrated using the extended simple point charge (SPC/E) water model (56, 57). The
hydrated structures were energy-minimized with the steepest descent algorithm prior to
equilibration under the NPT ensemble conditions, wherein the number of atoms (N),
pressure (P) and temperature (T) within the system were respectively kept constant at
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~17000, 1 bar and 300 K. The Particle-Mesh Ewald (PME) method was employed to
compute long-range electrostatic interactions with a 10A cut-off (58) and the Linear
Constraint Solver (LINCS) algorithm to restrain bond lengths (59). All MD simulations
were performed under periodic boundary conditions (PBC) using the leap-frog integrator
with a time step of 2fs. For the final MD production runs, data were collected every 10ps
over a time scale of 100ns.
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Figure 1.

Modular organization of human WWOX tumor suppressor and human WBP proteins. (a)
WWOX is comprised of a tandem copy of WW domains, designated WW1 and WW2,
located N-terminal to the short-chain dehydrogenase/reductase (SDR) domain. (b) WBP1
contains a central proline-rich (PR) domain flanked between long stretches of
uncharacterized regions. The PR domain of WBP1 contains two PPXY motifs, designated
PY1and PY2. (c) WBP2 contains the GRAM domain located N-terminal to the proline-rich
(PR) domain. The PR domain of WBP2 contains three PPXY motifs, designated PY1, PY2
and PY3. Note that the amino acid sequences of peptides containing the PPXY motifs and
flanking residues within both WBP1 and WBP2 are provided. The numerals indicate the
nomenclature used in this study to distinguish residues within and flanking the motifs
relative to the first proline within the PPXY motifs, which is arbitrarily assigned zero.
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Figure 2.

GST-pulldown and Western blot analysis for WWOX-WBP2 interaction in mammalian
cells. (a) HEK293 cells were transiently transfected with WBP2 and either wild type GST-
tagged WWOX (WT) or GST-tagged WWOX containing the W44F/P47A double-mutation
(FA). After harvesting for 24-30h, SDS-PAGE analysis was conducted on either whole cell
lysate (Input) or after GST-pulldown and the resolved bands were detected by
immunoblotting with anti-WBP2 (a-WBP2) and anti-GST (a-GST) antibodies. (b) HEK293
cells were transiently transfected with WBP2 and either GST-tagged WW1 domain (WW1)
or GST-tagged WW?2 domain (WW?2) of WWOX. After harvesting for 24-30h, SDS-PAGE
analysis was conducted on either whole cell lysate (Input) or after GST-pulldown and the
resolved bands were detected by immunoblotting with anti-WBP2 (a-WBP2) and anti-GST
(a-GST) antibodies.
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Figure 3.

ITC isotherms for the binding of WW1 domain of WWOX to PPXY peptides containing
WBP1_PY1 (a), WBP1_PY2 (b), WBP2_PY1 (c), WBP2_PY2 (d) and WBP2_PY3 (e)
motifs. The upper panels show the raw ITC data expressed as change in thermal power with
respect to time over the period of titration. In the lower panels, change in molar heat is
expressed as a function of molar ratio of corresponding peptide to WW1 domain of WWOX.
The solid lines in the lower panels show the fit of data to a one-site model, as embodied in
Eq [1], using the ORIGIN software.
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Figure 4.

Structural models of wild type (WT) and mutant WW domains of WWOX in complex with
WBP2_PY3 peptide conatining the PXPPXY'Y motif. (a) Structural model of WW1_WT
domain in complex with WBP2_PY 3 peptide. (b) Structural model of WW2_WT domain in
complex with WBP2_PY 3 peptide. (c) Structural model of WW2_RW mutant domain in
complex with WBP2_PY 3 peptide. Note that thep-strands in the WW domains are shown in
yellow with loops depicted in gray and the peptide is colored green. The sidechain moities
of residues within WW domains engaged in key intermolecular contacts with the peptide are
shown in red. The sidechain moieties of residues within the peptide colored blue correspond
to the PXPPXYY motif.
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Figure 5.

CD analysis of wild type (WT) and various mutants of WW domains of WWOX. (a) Far-
UV spectra of WW1_WT (black), WW1_R25A (red), WW1_R25E (green) and
WW1_W44Y (blue). (b) Far-UV spectra of WW2_WT (black), WW2_E66R (red),
WW2_Y85W (green) and WW2_RW (blue).
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Figure 6.

DSC analysis of wild type (WT) and various mutants of WW domains of WWOX. (a) DSC
analysis of WW1_WT (black), WW1_R25A (red), WW1_R25E (green) and WW1_W44Y
(blue). (b) DSC analysis of WW2_WT (black), WW2_E66R (red), WW2_Y85W (green)
and WW2_RW (blue). In each case, the top panels show the Cy,-T isotherm for each
construct and the bottom panels T, of corresponding construct.
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Figure 7.

Comparison of structural and biophysical properties of the wildtype WW1 and WW?2
domains alone and in the context of WW1-WW?2 tandem domains of WWOX. (a) Far-UV
CD analysis of WW1-WW?2 tandem domains (black), WW1 domain alone (red) and WW2
domain alone (green). (b) DSC analysis of WW1-WW?2 tandem domains (black), WwW1
domain alone (red) and WW2 domain alone (green). (c) Dependence of enthalpic change
(AH) as a function of temperature (T) for the binding of WBP2_PY 3 peptide to WW1-WW?2
tandem domains (black) and WW1 domain alone (red).
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Figure 8.

MD analysis of wild type (WT) and mutant WW domains of WWOX in complex with
WBP2_PY3 peptide conatining the PXPPXY'Y motif. (a) Root mean square deviation
(RMSD) of backbone atoms (N, Ca and C) within each simulated structure relative to the
initial modeled structure of the WW1_WT (top panel) and WW2_RW (bottom panel)
domains in complex with WBP2_PY3 peptide as a function of simulation time. Note that the
overall RMSD for each WW-peptide complex (black) is deconvoluted into the WW domain
alone (red) and the peptide alone (green). (b) Root mean square fluctuation (RMSF) of
backbone atoms (N, Ca and C) averaged over the entire course of corresponding MD
trajectory of the WW1_WT (top panel) and WW2_RW (bottom panel) domains in complex
with WBP2_PY 3 peptide as a function of peptide residue number (see Figure 1 for
nomenclature). Note that RMSF is only displayed for residues within the WBP2_PY3
peptide and residues within the WW domains are omitted for clarity. (c) Distance between
the N1 guanidine nitorgen of R25 within the WW1_WT domain and the Or phenolic
oxygen of Y+4 within the PXPPXY'Y motif as a function of simulation time (top panel, red),
distance between the Nn1 guanidine nitorgen of R66 within the WW2_RW domain and the
Onm phenolic oxygen of Y+4 within the PXPPXY'Y motif as a function of simulation time
(bottom panel, red), distance between the Nel indole nitorgen of W44 within the WW1_WT
domain and the Cy pyrrolidine carbon of P-2 within the PXPPXY'Y motif as a function of
simulation time (top panel, green), and distance between the Nel indole nitorgen of W85
within the WW2_RW domain and the Cy pyrrolidine carbon of P-2 within the PXPPXYY
motif as a function of simulation time (bottom panel, green).
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Figure 9.

Amino acid sequence alignment of human WW1 and WW2_RW domains of WWOX with
other WW domains within human proteome, identified through BLAST search, in which an
arginine and a tryptophan are conserved at structurally-equivalent positions with respect to
E66R and Y85W substitutions within WW2_RW mutant domain. Note that absolutely
conserved residues within the WW domains are shown in red, semi-conserved residues in
blue, and all other residues are colored black.
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Table 3

Thermodynamic parameters obtained from ITC measurements for the binding of WBP2_PY 3 peptide to wild
type (WT) and various mutants of WW1 and WW2 domains of WWOX

KgM | AH/kcal.molt | TAS/kcal.mol™ | AG/kcal.molt
WW1_WT 122+1 | -1261+011 -7.27+0.12 -5.34+0.01
WW1_R25A | NBD NBD NBD NBD
WW1_R25E NBD NBD NBD NBD
WW1_W44Y | NBD NBD NBD NBD
WW2_WT NBD NBD NBD NBD
WW2_E66R NBD NBD NBD NBD
WW2_Y85W | NBD NBD NBD NBD
WW2_RW 91+£2 | -520+0.04 -0.32+0.03 -552+0.01

Note that WW2_RW is a double-mutant of WW2 domain containing the E66R and Y85W substitutions. Binding stoichiometries generally agreed
to within £10%. Errors were calculated from at least three independent measurements. All errors are given to one standard deviation. NBD
indicates no binding determined for the particular domains either due to lack of any observable heat change or due to poor accuracy of ITC analysis
involving such weak interactions (Kd > 1 mM).
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